Cdk4-targeting drugs, such as palbociclib, are approved for metastatic ER/PR þ , Her2 À breast cancer. However, other than loss of retinoblastoma, which is very rare in this subset, there are no biomarkers to predict response. Cyclin D or cdk4 levels are not by themselves indicative, because p27Kip1 is required for cyclin D-cdk4 complex activation.
Introduction
Cyclin D-cdk4/6 complexes are critical for the G 1 -S-phase transition and subsequent cell-cycle progression (1). This complex is stabilized by the assembly factor p27Kip1, and then activated by tyrosine phosphorylation of p27 on residue Y88 (or Y89; ref. 2) . pY88 p27-cyclin D-cdk4 is the active or open complex, competent to phosphorylate the G 1 gatekeeper protein, retinoblastoma (Rb), and cause passage into S-phase. p27 is critical, but inhibitory, for the activity of another cell-cycle cyclin-dependent kinase, cdk2, a molecule normally required for full passage into S-phase. Although both Y phosphorylated and nonphosphorylated p27 interact with cdk2 and inhibit this kinase, the pY88 form is preferentially degraded, leading to p27-free cdk2 and cdk2 activation (3) . Thus, p27 plays a pivotal role at several steps in the cell cycle: Y phosphorylated p27 directly activates cdk4 and indirectly increases cdk2 activation.
Cyclin D-cdk4/6 is activated in many human cancers, either by overexpression of cyclin D, or loss of the CDKN2A tumor suppressor gene, which encodes p16Ink4A, the cdk4/6 inhibitor (1). These observations prompted development of specific cdk4 inhibitors (cdk4i), such as palbociclib, abemaciclib, and ribociclib, which have been approved in combination with estrogen modulation therapy for patients with metastatic, relapsed, or drug refractory ER/PR þ , Her2 À breast cancer (1, 4, 5) . However, data from clinical trials suggest that approximately 20% of patients exhibit primary resistance to these drugs, and that even initial responders will develop secondary resistance within 2 years of treatment, resulting in the clinical observation of increased progression-free but no overall survival benefit (6) . Unlike most other targeted therapies, there are no clinically approved companion diagnostic markers to identify patients who have the active cdk4 target and thus might respond to this therapy. While loss of Rb expression correlates with palbociclib nonresponsiveness in tissue culture cells, this is a relatively rare event in estrogen receptor-positive (ER þ ) breast cancer and has not been validated
clinically. Several other cell-cycle proteins, such as cyclin E, cdk2, and p16 have also been implicated, but again none have shown clinical utility. Previous work suggested that compensatory activity of cdk2 may explain acquired secondary resistance to palbociclib, while the activity of the cyclin D-cdk4 complex itself may predict primary responsiveness (7). Whereas overall cdk4 or cyclin D levels have been shown not to be predictive, we showed that the level of pY88-p27 correlates with cdk4 activity and palbociclib responsiveness in tissue culture cells (3). We hypothesized that the level of phosphorylated p27 would correlate with active cdk4 and therefore could be used to predict responsiveness to palbociclib in patients. By double staining for p27 and pY88 (with an antibody specific for Y88) using immunohistochemistry (IHC), we show that both breast cancer cell lines and human breast cancer biopsy material, can be divided into groups based on the level of pY88 staining and that this grouping corresponded with palbociclib responsiveness in ex vivo short term cultures of fresh tumor. We suggest that pY88 staining can be used as a marker to identify tumors with the active cdk4 target and to predict response to cdk4i.
Materials and Methods

Archival breast tissue
Archival tissue blocks were obtained, with IRB approval, from the files of SUNY Downstate Medical Center, University Hospital of Brooklyn (Brooklyn, NY). Breast specimens, both benign and malignant, were obtained by core needle biopsy. Hormone status of tumors was determined as part of clinical workup.
Explant culture
Patients were consented prior to surgery in accordance with SUNY Downstate Medical Center IRB requirements. Fresh breast tumor tissue samples (6mm Â 1 mm Â 1 mm) were obtained within 20 minutes of removal of tumor from patients and placed into 3 mL of complete culture media (RPMI1640 with 10% FBS, 1% penicillin-streptomycin, 10 mg/mL insulin, and 1 mg/100 mL hydrocortisone). Samples were dissected into approximately 1-mm 3 pieces, and placed (one specimen per sponge) onto hemostatic gelatin dental sponges (Vetspon, Elanco), which had been previously hydrated for 2 hours in 12-well cell culture dishes in 1.5 mL complete media at 37 C and 5% CO 2 . Explants were maintained in complete media for 60 hours prior to treatment. Media was removed and 1.5 mL fresh media containing 100 nmol/L or 500 nmol/L palbociclib, or an equal volume of DMSO, was added to each well. Culture plates were incubated for 48 hours. Each tumor specimen was treated in duplicate per condition. Samples were then removed from sponges, placed into embedding cassettes, and fixed for 24 hours in 10% neutral buffered formalin followed by paraffin embedding.
IHC
Antibodies. Ki-67 (SC-23900, Santa Cruz Biotechnology); p27-Kip1 (BD Biosciences, catalog no 610242); Rb catalog no 9309S, RbSer780 catalog no 9307, and cdk2T160, catalog no 2561S (Cell Signaling Technology). The p27 pY88 antibody and its specificity have been described previously (8) . Paraffinembedded tumor sections or cell blocks were cut into 5-mm sections. MCF7-ALT cells, which express ALT in the presence of doxycycline (ClonTech) were grown and treated AEdoxycycline as described previously (3) . Cell blocks were used as a control in Cdk2T160 IHC. Ki67 staining was performed in either the automated stainer (Ventana Medical Systems, Inc.) for the archival material or manually as described below for the explant material. Slides were incubated for 30 minutes at 65 C, deparaffinized, and rehydrated. Endogenous peroxide activity was quenched by incubation with peroxidase solution for 30 minutes at room temperature. Slides were washed three times in 1Â TBST, followed by antigen retrieval in 1Â target retrieval solution (DAKO, S-1699) for 30 minutes in 100 C water bath. Following antigen retrieval, slides were washed in 1Â PBS, incubated with protein block for 1 hour (DAKO, 090930-2), incubated overnight at 4 C with the respective antibodies, and developed using the Multiview IHC Kit (ENZO, ADI-950-101-0001).
p27/pY88 dual staining assay. Slides were incubated overnight with pY88 antibody. The next day, sections were washed in 1Â TBST and then subjected to antigen retrieval as described above, followed by incubation with p27-Kip1 antibody overnight at 4 C and developed as described.
Microscopic evaluation
Analysis of hematoxylin and eosin-stained sections including grading according to Modified Bloom Richardson (MBR) score was carried out blindly by two independent pathologists. For IHC stains, on patient material, four to six such high-power fields (400 Â) were evaluated where possible and then averaged for a total percent positive/tumor sample. For explant samples with fewer viable tumor cells, total viable nuclei over the entire slide were counted and percent positive was reported. Samples were generally run three separate times for each stain and replicate reading were performed blindly at different times. Any discrepancies were reviewed jointly and resolved. Positive and negative controls were analyzed with each staining.
Statistics
In Figs. 2 and 3, means and SE were calculated using Excel and plotted. In Fig. 3C (right), raw Ki67 values from the 1, 2 pY88þ group and the 0 pY88þ group were analyzed using a box and whisker plot using GraphPad Prism. A two-sided paired t test was performed in Fig. 3 to compare the Ki67 scores from the pY88 group 1, 2 and pY88 group 0 patient populations. We used the 0.05 level of significance.
Results
We had previously shown that the level of pY88 p27 measured by immunoblot analysis correlated with the level of active cdk4 measured by in vitro kinase assay and with palbociclib responsiveness (3). The MCF7 breast cancer cell line, which responds to low concentrations of palbociclib (IC 50 ¼ 200 nmol/L), had low, but detectable levels of pY88 and active cdk4, while HCC1954 cells had more pY88, more active cdk4 and required a higher concentration of palbociclib to reach IC 50 (1,000 nmol/L; ref.
3). We developed a dual pY88/p27 IHC assay, where pY88 stained pink and p27 stained brown, for use with formalin-fixed, paraffinembedded archival material from patients at University Hospital ( Figs. 1 and 2 ). Benign material obtained from stereotactic core breast biopsies in patients without risk factors for breast cancer served as nonneoplastic control (Figs. 1A and 2A, light tan box) and was compared with core needle biopsies from patients with invasive ductal carcinoma, not otherwise specified (Figs. 1B-D to 50% and grading ranged from I to III using MBR score with 50% being grade II ( Fig. 2A) . We scored for the percent of viable tumor cells that were pY88 þ . While strong p27 staining (brown) was detected in normal epithelial cells, all benign epithelium was negative for pY88 (pink staining) (Figs. 1A and 2A), consistent with observations that cdk4 is inactive and benign mammary cells are not in cycle. The breast cancer samples, with the exception of D40, all had high p27 expression (>20% cells positive), consistent with rare loss of this protein in breast cancer ( Fig. 2A) . Using the criteria of % pY88 þ cells, three groups were identified in the breast cancer samples. In Group 0, <5% pY88 þ cells were detected, with staining resembling benign material (Fig. 1B, representative  D21 ; Fig. 2A, light green box) . This suggests that this group does not have detectable levels of active cdk4 and might not respond to palbociclib treatment. The rest of the samples had cells that stained with pY88. In Group 1, between 5% and 25% of cells stained for pY88 (Fig. 1B, representative D18 ; Fig. 2A , dark green box). In Group 2, >25% of cells stained pY88 þ (Fig. 1C, representative D23; Fig. 2A, yellow box) . When the data was grouped according to pY88 staining subgroups in Fig. 2A , we found that stratification was independent of overall MBR or Ki67 status ( Fig. 2A) . Roughly similar percentages of pY88 group 0, 1, and 2 were seen in ER/PR þ /Her2 À , Her2 þ , and TN samples: 20%-25% scored as 0 (no pY88 þ cells), 25%-30% scored as 1, and 50% scored as 2 (high % of pY88 þ cells; Fig. 2B ). This suggests that 20%-25% of patients across subgroups did not have detectable levels of the active cdk4 target and would never respond to palbociclib treatment. To validate the reproducibility of the pY88/p27 staining protocol, we stained material from 6 patients three independent times, and the mean AE SE is plotted (Fig. 2C) . We found that whereas the intensity of the stain did vary (data not shown), the percentage of pY88 þ cells was consistent across the replicates, with relatively small SE. In addition, in all repeated cases, the pY88 groupings (Groups 0, 1, or 2) did not change during replicate testing (Fig. 2C) .
At the time of this study, few patients at University Hospital had been treated with palbociclib, and outcome data was not yet available. We therefore identified patients scheduled to undergo mastectomy or lumpectomy (Fig. 2D) . Following informed consent, we analyzed their corresponding archival biopsy material. Three patients from the cohort were excluded because there was only in situ carcinoma (R6, R9, and R11). ER/PR þ /Her2
and TN subgroups are all represented in this cohort (Fig. 2D, top) . In 8 of 10 cases, initial biopsies were analyzed. The other 2 patients (R10 and R13) were recurrences. For patient R10, a core biopsy, which documented the recurrence, was used for IHC and for R13, the resection material itself served this purpose as biopsy material was not available. All sections were stained with the dual pY88/p27 IHC assay to determine the % of pY88 þ cells (Fig. 2D , bottom, N ! 3). All patients had high p27 expression (>20% of cells were p27 þ ; Fig. 2D , bottom left). Using the scoring system described above, biopsies from patients R4, R2, R13, and R5 did not have significant pY88 positivity (pY88 group 0), while R1, R12, R8, R10, and R7 had a very high percentage of pY88 þ tumor cells (pY88 group 2; Fig. 2D , bottom right). R3 had a lower percentage of pY88 þ cells (23%), slightly below the cutoff established previously and was assigned a score of 1. Thus, our cohort had 6 patients with pY88 scores of 1 or 2 and 4 patients with a score of 0. Following surgery, fresh tumor material harvested from these patients was immediately grown in explant culture (Fig. 3A) . Explants were first permitted to recover for 60 hours and then DMSO, 100 nmol/L or 500 nmol/L palbociclib was added to the media. Using a similar explant culture system, Dean, and colleagues found that all RB þ explants were inhibited by 500 nmol/L palbociclib (9) . We choose to examine palbociclib response at 500 nmol/L and at a lower, more pharmacologically relevant concentration of 100 nmol/L. After 48 hours of treatment, the explants were removed from culture, formalin-fixed, and paraffinembedded (FFPE). In total, six explants were grown per patient (duplicates for each of the three conditions) and each explant was stained for Ki67 as a marker of proliferation at least two times, to provide N ! 4 per condition, which were read blindly on different days (Fig. 3B) . The exceptions to this were due to tissue loss during processing or the presence of too few tumor cells in the individual explant piece, which precluded accurate analysis. In all cases, the explant material was compared with the biopsy material for morphologic similarities. The Ki67 status of the biopsy material was compared with the Ki67 staining seen in the DMSO-treated explants to determine whether similar proliferation rates were seen in tumor removed from the patient and immediately fixed and that grown for several days in explant culture (Fig. 3B) . Ki67 levels varied across the patient cohort but in general, the level in the biopsy was comparable with the level seen in the DMSO-treated explants, suggesting that the explants resembled the parent tumor. For example, the explant showing the lowest level of Ki67 (R7) was from the same patient showing the lowest Ki67 staining in biopsy material (Fig. 3C, right) . Representative Ki67 staining for explant samples from R10 (Group 2) and R13 (Group 0) are shown (Fig. 3B ). Ki67 þ staining decreased for R10 as the palbociclib concentration increased, while staining did not vary for R13. All of the Ki67 values for each treatment condition (DMSO, 100 and 500 nmol/L palbociclib) for all of the 1, 2 pY88 scoring explants (R1, R12, R8, R10, R7, and R3) or the 0 pY88 scoring explants (R4, R2, R13, and R5) were combined and analyzed using a box and whisker plot (Fig. 3C, right) . Each box represents up to 36 data points for pY88 score 1, 2 patients or up to 24 for pY88 score 0 patients. Decreases seen in Ki67 staining after palbociclib treatment in the 1, 2 pY88 scoring group were statistically significantly, while the smaller changes seen with the four explants from Group 0 were not statistically different. Thus, pY88 status correlated with palbociclib response in the explant culture assay as determined by Ki67 level changes. It has been suggested that several other cell-cycle proteins might serve as markers of palbociclib response, including cyclin E, cdk2, or RB (10). We stained the biopsy material from our cohort with antibodies against total RB, RbSer780 (phosphorylated RB), or cdk2T160 (the catalytically active form of cdk2), and a representative staining is shown (Fig. 3D) . With the exception of 1 patient (R13), all of the samples were positive for RB and Rb phosphorylation, although the percentage of RB and phosphorylation varied among patients (Fig. 3D, right top) . R13 had a pY88 score of 0, and the corresponding explant material was not inhibited by palbociclib, consistent with the Rb À status of this biopsy.
Significantly, R5, R2, and R4, which were RB and RbSer780-positive, also had pY88 scores of 0 and were nonresponsive to palbociclib in the explant assay. As these patients were ER/PR þ / Her2 À , they would normally be clinical candidates for palbociclib if they progressed to the metastatic setting due to their Rb þ status.
Our results suggest that they would not be responsive to palbociclib, and that pY88 staining can be used to predict this nonresponsiveness.
All of the samples were also stained with cdk2T160 (Fig. 3D ). The cdk2T160 antibody was shown to be specific for active cdk2 by staining cell blocks generated from MCF7-ALT cells grown AE doxycycline (Fig. 3D, right, bottom) . In the presence of 
/Her2
À , bottom), stained with the pY88/p27 dual assay, and then grouped into different pY88 scores (light green ¼ 0, dark green ¼ 1, and yellow ¼ 2). Samples were also scored for Ki67, and MBR (tubular þ nuclear þ mitotic rate, respectively, defined by the WHO). B, Summary of subgroup cohorts. C, Six samples from A were stained in triplicate as independent runs and read independently to determine reproducibility of the pY88/p27 stain and marked with Ã in A. Top, p27 staining and bottom, pY88 staining. Data, mean AESE. D, Patient cohort with pY88/p27. Neoadjuvant therapy: 1 ¼ adriamycin-cytoxan 4 cycles; 2 ¼ Taxol 4 cycles; and 3 ¼ pertuzumab, trastuzumab, 4 cycles. Biopsies from this cohort were analyzed in the pY88/p27 IHC assay (n ! 3 independent stains). Data are mean AE SE. Left, p27 staining (brown). Right, pY88 staining (pink). Line depicts break between pY88 subgroup 1 and 2. grown in explant culture treated with DMSO, 100 nmol/L, or 500 nmol/L palbociclib for 48 hours, FFPE, and stained with Ki67. Right, box and whisker plot of the Ki67 staining for the combined different treatment groups for the pY88 0 (R2, R4, R13, and R5) and R1, R12, R7, R8, R10, and R3) subgroups. P values for each comparison based on paired t test. D, Left, representative biopsy material from R1, R2, and R13 stained with Rb, RbSer780, and Cdk2T160 staining. Right top, data of total Rb, RbSer780, and Cdk2T160 staining. NA, tissue no longer available. Yellow box, pY88 group 1, 2; green box, pY88 group 0. Rb and RbSer780 staining: þ, <10%; þþ, >10%. Cdk2T160 staining: þ, >5% staining. N ¼ 2. Right, bottom, MCF7-ALT cells treated AE doxycycline (Dox) to induce ALT and inhibit cdk2, used as a control for cdk2T160 staining. doxycycline and ALT induction, we had previously shown that cdk2 was inactive by in vitro kinase assay and cdk2T160 was not detected by immunoblot analysis (3). The IHC results were consistent. Although staining levels varied, no correlation between the amount of cdk2 activity seen in biopsy material and palbociclib response could be seen. Both explants that responded to palbociclib and those that did not had active cdk2.
Discussion
pY88 status correlated with palbociclib response in the shortterm explant culture assay as determined by Ki67 level changes, suggesting that analysis of pY88 status could predict the presence of the active cdk4 target, which is required for palbociclib response. Examination of active Cdk2, Rb or Rb phosphorylation by IHC did not correlate with palbociclib response, suggesting that pY88 status was more predictive or that IHC was not sensitive enough to separate differences. TN and Her2 þ patients, two populations in which palbociclib is not currently used, were present in this cohort and responded similarly, suggesting that some patients in these subgroups do have the active cdk4 target and might show response to drug. Palbociclib should inhibit any cdk4-dependent tumor of any primary site, especially those with strong oncogenic signaling, such as Her2 overexpression, and use of a biomarker could identify patients who might be responsive. Gong and colleagues identified that cancer cell lines that expressed cyclin D-activating features were more sensitive to abemaciclib inhibition (11) . These features include cyclin D1, D2, and D3 alterations that should increase cyclin D stability and/or expression and ultimately cyclin D-cdk4/6 activity, and we would predict many or most of these cell lines might also be positive in the pY88 assay. Interestingly, they identified these alterations in cell lines from multiple types of cancer where cdk4i has not been extensively studied, consistent with the idea that having a biomarker for cdk4i response would permit use of cdk4i outside of the breast cancer space. Unlike most other targeted therapies used clinically, cdk4i, like palbociclib, are prescribed without any indication that the target of the therapy (active cdk4) is present in the patient. While our study suggests that pY88 may be a marker for the active cdk4 target, the same way Her2 staining identifies tumors that may respond to trastuzumab, we did not address whether it would be predictive for response in patients with metastatic breast cancer receiving combination therapy of palbociclib and letrozole. The presence of the target and long-term clinical response to the drug are two separate, but linked, issues, and this study only addresses the former. We use the pY88 biomarker to identify active cdk4 in the explants and then demonstrate that this information is sufficient to predict response to the drug. Comparison of pY88 status in biopsy material with outcome data from patients treated clinically with cdk4i will be required to determine whether pY88 can also serve as a clinical biomarker of cdk4i response. 
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